This study investigated the effect of excess PbO and post-annealing on the crystallinity and the microstructure of Pb(Mg 1/3 -Nb 2/3 )O 3 (PMN) epitaxial thin films. PMN thin films were deposited on SrTiO 3 (STO) (001) substrates using a chemical solution deposition (CSD) process with rapid thermal annealing (RTA) of spin-coated metallo-organic decomposition (MOD) solutions. The nominal film composition was Pbx(Mg 1/3 Nb 2/3 )O 3 (x = 1.0 or 1.1). All films showed the (001) thin film post-annealed at 973 K with facing treatment showed the highest crystallinity of 0.8°in full width at half maximum (FWHM) of the 002 PMN rocking curve. Transmission electron microscopy (TEM) revealed PbO nanoparticles on the surface of the PMN thin films. The film composition was almost stoichiometric. On the other hand, the Pb 1.1 (Mg 1/3 Nb 2/3 )O 3 / SrTiO 3 thin film post-annealed at 973 K without facing treatment showed crystallinity of 1.0°and no PbO nanoparticles. The film composition was almost stoichiometric. These results indicate that the excess PbO is not incorporated into the PMN films. Instead, it volatizes from the film surface, which improves the crystallinity and inhibits the PMN decomposition.
Introduction
Pb(Mg 1/3 Nb 2/3 )O 3 (PMN) is a representative ferroelectric relaxor material because of its excellent dielectric and piezoelectric properties in a wide temperature range. 1) , 2) It is widely applied for small size multilayer ceramic capacitors (MLCCs), ultrasonic actuators, etc.
3),4) Thermal treatments of the film deposition and the crystallization are usually conducted at temperatures of 873973 K in the thin film deposition of PMN. At these temperatures, a pyrochlore phase tends to form by PbO vaporization.
5) The pyrochlore phase is well known to be deleterious for devices because of its inherently low electrical properties. 6) It is therefore necessary to prevent pyrochlore phase formation for many deposition techniques. 7) 17) In earlier studies, the decomposition behaviors of PMN and pyrochlore phase have been studied for bulk crystals. 17) 19) However, thin films are usually deposited at temperatures lower than 973 K, in contrast to bulk crystals higher than 1273 K.
7)16)
The lower temperature implies that the PMN thin film decomposition is further away from the equilibrium condition. Therefore, the kinetic effect is not negligible. In our early study, the crystallinity and morphology of the films for crystallization were improved using rapid thermal annealing (RTA) at 923 K, in O 2 gas flow, and with facing treatment, 20) whereby thin films are annealed with the film surfaces facing each other. The film crystallinity was insufficient at 923 K. Post annealing processes at higher temperature were necessary for further improvement of the crystallinity. However, the pyrochlore phase tends to form by decomposition of PMN and the evaporation of PbO at higher temperatures.
The Pb-rich nominal composition of the Pb-base perovskite phase is well known to avoid Pb deficiency and resolve issues related to the pyrochlore phase. Nevertheless, the behavior of the excess PbO under the film deposition process remains unclear. This study, based on morphological and compositional perspectives of nanoscale data, investigates the effects of excess Pb on the crystallinity and behavior of the excess PbO in the epitaxial PMN thin films prepared using CSD technique with the metalloorganic decomposition (MOD) solution.
Experimental procedure
Pb(Mg 1/3 Nb 2/3 )O 3 thin films were prepared on a SrTiO 3 (001) substrate using CSD technique with the MOD solution. CSD was used to avoid the acceleration of the vaporization of PbO at the elevated temperatures in vacuum environments, to avoid compositional change except for vaporization, and for greater simplicity than that of the solgel technique.
21) The nominal composition, solute concentration, and the solvent of the MOD solution were, respectively, Pb x (Mg 1/3 Nb 2/3 )O 3 (x = 1.0 and 1.1), 0.2 mol/l, and 1-methoxy2propanol (Toshima Manufacturing, Co., Ltd., Japan). The substrates used were commercial SrTiO 3 (001) single crystals (Shinkosha Co. Ltd., Japan). The film deposition flow is presented in Fig. 1 . Solutions were spincoated at 500 rpm for 5 s, followed by 4000 rpm for 30 s using the spin coater (MS-A100; Mikasa Co. Ltd., Japan). Spin-coated thin films were dried at 393 K for 5 min to pyrolysis. Then they were decomposed at 623 K for 5 min in air. Subsequently, the films were crystallized at 923 K for 10 min in O 2 gas flow by the rapid thermal annealing (RTA) using an infrared lamp image furnace (MILA-3000; Ulvac-Riko Inc.).
Configurations in the infrared lamp image furnace were depicted schematically in a separate paper. 20) A thin film is simply placed on a carbon susceptor in the normal annealing condition while the dummy SrTiO 3 substrate is placed on the thin film. The carbon susceptor is located near the center of four lamp tubes. The thin film temperature is monitored by a K-type thermocouple inserted in the carbon susceptor hole.
The nominal heating rate was 30 K/s. The O 2 gas flow rate was 300 ml/min. These processes were repeated five times to increase the film thickness to about 100 nm. All crystallization processes were conducted under the facing condition (as-crystallized). Finally, the as-crystallized films were post-annealed by RTA at 973 K for 10 min with or without the facing condition. The nominal heating rate and the O 2 gas flow rate were identical to those of the crystallization process.
The phase identification, the crystallinity, and the film orientation were measured using X-ray diffraction (D8 Discover; Bruker AXS GmbH) with Göbel Mirror, four-bounce Ge (220) monochromator and a two-dimensional detector. The X-ray beam was a Cu-K¡ 1 line (0.15406 nm wavelength). Transmission electron microscopy (TEM) samples were prepared using low-energy Ar ion milling at 5 kV0.2 kV (PIPS model 691; Gatan Inc., U.S.A.).
TEM observations were conducted using a TEM (EM-002B; JEOL Ltd. (Topcon Corp.), Japan) operated at 200 kV. Composition analysis of the films was conducted using TEM-energydispersive X-ray spectroscopy (EDS, Thermo Fisher Scientific K.K.). HRTEM images were filtered by two-dimensional Wiener filtering (Filter Pro; HREM Research Inc., Japan). 22 ),23) The image simulation of HRTEM images was conducted using the multislice method (MacTempas X; TotalResolution LLC, U.S.A.). Figure 3 shows rocking curves of 002 PMN peaks integrated along the 2ª-axis. By addition of 10 at % excess PbO, the full width of half maximum (FWHM) of the rocking curves decreases from 1.9 to 1.4°for as-crystallized films, and from 1.8 to 1.0°for 973 K postannealed films. The addition of excess PbO is more effective for film crystallinity without the formation of the Pb defective pyrochlore phase. 
Results

Effects of post annealing and excess PbO without facing treatment
Effects of facing post-annealing on PMN films
with excess PbO random orientation, as shown by the different lattice symmetry and large lattice mismatch between the crystals ( Table 2) .
The average composition in the PMN layer obtained from TEM-EDS analysis is presented in Table 3 
Consideration
We have elucidated experimentally obtained results showing improvement of the crystallinity of PMN/STO epitaxial thin films by 10 at % excess PbO for the nominal composition. The excess PbO inhibits the pyrochlore phase formation. The excess PbO does not incorporate into the PMN films but migrates to the surface of the films and evaporates into the atmosphere.
Considering Figs. 3 and 6, excess PbO is most effective for improving crystallinity, FWHM of 1.0°in the rocking curve of 002 PMN peak. Our previous study showed however, that the facing treatment has a large effect for the PMN film without excess PbO, and that it engenders crystallinity 0.8°. 20) This value is almost identical to that of this study. These results show that the excess PbO has a similar effect with facing treatment, which increases the vapor pressure at the space just above the film surface, which is the functional equivalent of the excess PbO because the vapor pressure of the free PbO is much higher than the that of the PbO from the perovskite lattice. 26 ),27) These effects are expected to improve the integrity of the perovskite-type crystal structure of PMN by decreasing Pb defects. Figures 8 and 9 show that the facing treatment for the Pb 1.1 (Mg 1/3 Nb 2/3 )O 3 thin films forms PbO nanoparticles on their surface. This result indicates directly that the excess effects for inhibiting PbO vaporization supersaturate the PbO vapor pressure. Some excess PbO remains on the PMN film surface. Figure 9 also shows that the PMN grain boundary is atomically sharp and that no second phase is visible. These results indicate that the excess PbO locates only slightly within the PMN film, and that they migrate to the film surface. Figures 4 and 7 show that PMN films have columnar morphology. Columnar grain boundaries with less crystallinity than the grain interior are major candidates for the migration path of excess PbO. Consequently, the role of excess PbO is to prevent the PMN lattice decomposition. The excess component leaves by the film.
Conclusions
Results show the effects of excess Pb on the epitaxial growth of PMN thin films prepared using CSD under the given annealing temperature. We obtained the following conclusions:
(1) Effects of 10 at % excess PbO on PMN/STO epitaxial thin films' crystallinity improvement are much greater than those of facing annealing. 
